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Tevatron collider luminosity
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Outline

¢ Jet production:
- Inclusive jets
- Dijets
- 3-jets
¢ V(=W,Z) + jets production
- V + inclusive jets
-V + heavy flavor jets

¢ Inclusive photon and di-photon production

¢ Underlying events and Double parton interactions
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Jet Results

j

PDF, s
Searches for New Physics




Motivations for the jet measurements

e« Well-understood by NLO pQCD

 PDF constrain

~ x-Q2 regions accessible at fixed target, DIS, Tevatron and LHC are complementary to each other
- only Tevatron incl. jet data provide significant constraint on gluon PDF at high x and high Q2

« New Phenomena searches:

- particles decaying to jets, ED, quark compositeness, etc

- searches for new phenomena are limited without proper understanding QCD background
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Inclusive jet production (CDF)

Inclusive jet measurements test pQCD over 8 orders of magnitude in 5 rapidity regions
up to jet pT ~600 GeV.

- CDF measured inclusive jet cross section with Midpoint cone algorithm (R=0.7) and
kT (D=0.4, 0.7, 1.0) algorithm.

- Data/Theory consistent for the cone and kT (for all D parameters) algorithms
=> poth algorithms can be successfully used at hadron colliders.
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Inclusive jet production (DO)

DO also measured inclusive jet cross section
using Midpoint algorithm in 6 rapidity regions.

Dominant systematic uncertainty is from JES: z

Steeply falling spectrum:
=> Even small JES uncertainty leads to
large uncertainties on cross section

Typical JES uncertainty:
1-2% in DO, 2-3% in CDF

Total uncertainty on the cross sections:

15-30% in DO, 15-50% in CDF
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Inclusive jet productio

n.

ory (DO,CDF)

Data/The

1.2 e *Fo1zf
r <0.1 .éj 1.1<|y|<1.6
In general, CDF and DO measurements 25 ¥ P b i | |
are in agreement with QCD NLO o
predictions. 1
0.5¢ i ﬁ‘ . ! L
3.5F 12F E‘ E o qaf .
However, data favored lower bound of e —— 014 e
) b P F—rer—— A<lyl<0.7 = . _ = 1.6<|y|<2.1
the theoretical (CTEQ6.5M PDF) e e s
predictions, with smaller gluon content g s = :
at high x. a ! S e
B e —— = e T R R
i L. . 3.5 MF L p:ET (GeVic)
Experimental uncertainties at high pT are 3 0.7<lyl<1.1 .
. 2.5F osf — = CDF Data (1.13fb") / NLO
lower than theoretical (largely PDF ones): 2l ———— PDF Uncertainty
. 100 50 L T s KN MRST 2004 / CTEQ6.1M
=> constrain PDF >t [ 1 Systematic uncertainty
I Including hadronization and UE
0 1t|]l] 260 360 460 50 60 7t|] . P _
piET (GeVic) Midpoint: R=0.7, f__ =0.75
E DORunll Rgne=07 FNLOPQCD p_=p = ® Data P
1 5— L=0.70fb" T +non—§erturbatt\tlg coLrLrFectifrTs _ T BYSIEANG uncertainty’ ] \l;g?udes St(O eg;)OCEiirtf ! )e( C>i 8 e:Br;t;?,]l d
1.0p P,y oo T eEEsEEs 1 reduced PDF uncertainties.
0.5 3 *q i t 1 (see also p.50 in Backup)
Q [ lyl<04 F04<|y/<08 T 08<«|yl<1.2 ]
: '_I\§\I\I\I\I\\\\\I\\\\I\\I\\I\\I‘.:'_I\\I\\I\I\I\'\\\\\\\I\\\§\\I\\I\\}_“_I\ : N ; ] )
% >=== NLO scale uncertainty =— CTEQ6.5M with uncertainties / DO reSU|tS are most preCISe
o 1.5¢ o T---- MRST2004 _ .~ T ’/I 1 measurement to date.
1.0F &S e e - EE*}‘;%':T 1 E{.:}—-;- = ]
o . TOR W ] { MSTW 2008 uses CDF kT
pZallets  §184<20 f2.0<lyl<24 { and DO cone results.
O_O_I.IIII 1 L 1 ||_|\|||| 1 1 1 ||“Wﬁc@ 1 1 L1
50 100 200 300 50 100 200 300 50 100 200 300 p (Gev) 9
T



Inclusive jet production: hadron colliders

inclusive jet production

(x4000) /g = 200 GeV

fastNLO
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Measurement of «s from inclusive jets (DO)

PRD 80, 111107 (2009)

e Cross section formula:

gt-llem:ml*}f(ﬂt"ﬁ) — Z CFE Cn | @ f1 3 fo

antiproton

 Cn: perturbative coefficients (= pQCD matrix elements)

- f1, f22 PDFs of colliding p,]

Determine s from data:

Vary s until otheory agrees with gexper

...for each single bin -

x° fit of theory to data (p. 62 in backup) using
21 NNLO PDF sets from MSTW2008

with s within 0.107-0.127 in 0.001 steps
5 NLO CTEQ6.6M sets are also considered
Only 22 points of 110 are used (with x<0.2)

measured
value

parametrisation

NLO QCD

g (ﬂfZ)
extracted 11

value



Running of as(pT)

« Combine points in different |y| regions at same pT
- Produce 9 Xs(pT) points from selected 22 data points
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PRD 80, 111107 (2009)

‘ theory:NLO+2-loop threshold

corrections
- About same precision as HERA

jets (0.1189 +£0.0032)
- The only Run |l result on s

- Improvement as comp. with Run |

+0.0081
(0.1178+0.0001(stat) 0.0095'5YSt)

| Compare to HERA results:
—> consistency
- extend pT reach of HERA results
to higher pT range of 50-145 GeV

“World average”: 0.1184+0.0007

12



Dijet mass cross section measurement (DO)
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- 40—60% difference between PDFs

(MSTW2008/CTEQ6.6) at high masses

- Data/QCD in good agreement in
central region
- Data are lower than central pQCD
prediction at higher rapidities

PLB 693, 531 (2010)

- Measurement of dijet mass in six rapidity
bins, |Y|max = Max(ly,|, [y2l)

Non-perturbative corrections (-10%, 23%)

Comparison to NLO pQCD with MSTW2008 and

CTEQ6.6M NLO PDFs,
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Data / Theory

-
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Dijet mass cross section measurement (CDF)
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PRD 79, 112002 (2009)

—e— CDF Run Il Data (1.13 fb')

[ ] Systematic uncertainties
= NLO pQCD, CTEQ6.1M
LY corrected to hadron level

- 1= = pT="(jet1,2)/2

%

—e— CDF Run Il Data (1.13 fb™) / NLO pQCD, CTEQ6.1M
p

Systematic uncertainties

—— PDF uncertainty

-- 6(MRST2004) / 6(CTEQ6.1M)
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Study dijet events in |y|<1.0

(uses same dataset as the inclusive jets)

=>New physics expected to be produced more
centrally & expect better S/B in central region

+13
% at low m;,

Total uncertainty: 12

9% at high m;

- NLO pQCD fits to data: x?/ndf = 21/21

(syst. uncertainties and non-perturbative corrections all
independent; fully correlated over m)

— Data/QCD agreement similar to DO for the
central region

PARTON-TO-HADRON LEVEL CORRECTION

Pythia (TuneA) central value; Herwig PS taken as uncertainty

5 14
E 130 CDF Run IT Preliminary
c -
[»] 1 .2 —
£t
$ 1 HL“H—._,__;\
E 1 T
a 0.9}
: -
= 0 B o I i i i i i I
g 200 400 600 800 1000 1200 1400
2
L M. [GeV/c']
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Dijet mass: searches for new physics (CDF)

PRD 79, 112002 (2009)

Dijet mass tests pQCD but also sensitive to presence of new physics, resonances
decaying to two jets
=> Use uncorrected jet data to maximize sensitivity to resonances

No significant evidence for resonant structure has been observed, so set limits

— 107
o 10%F -, —e— CDF Run Il Data (1.13 fb )
=> 2F & i
8 10 \.. Fit . Observed mass
= 10 — Excited quark (f=f =1, =1) exclusion range Model description
o 1 s
=10 260-870 GeV/c? Excited quark > qg (f=f=f.=1)
E 2
© 10
o 10° 260-1100 GeV/c? p.s techni-rho
© -4
10
-5
10 . (a) 260-1250 GeV/c? Axigluon/coloron
10 | |
et -
L o8E g-g: + 290-630 GeV/c? E, diquark
= 0.6 0
™ - .0.02 1 ) . :
. 04F o4 280-840 GeV/c W' (SM couplings)
S o.of **'200 300 400 500 600 700
et _—r-
© - .
Q -0 M 320-740 GeV/c? Z' (SM couplings)
o ——
02  (b)
-0.4C

200 400 600 800 1000 1200 i4'0(2i ) o .
m, [GeV/c] DO dijet x: limits on g-compositeness,

Extra Dim.: PRL 103, 191803 (2009) 15



Three jet mass cross section (DO)

Differential measurements of 3-jet mass:

p/*d>150 GeV, p;>? >40 GeV; AR;>1.4
- Studies invariant masses > 1 TeV !

- Measurement is done in 3 rapidity and 3 pT

intervals of 3™ jet.

- Three-jet calculation available @NLO
- Used NLOJET++ 4.1.2 with MSTW2008
- Default scale mu = 1/3(pT1+pT2+pT3)

- Scale uncertainties: independent variations

by x2 of renorm. and factor. scales

Submitted to PLB yesterday!

- NLO non-perturbative corr.: -3%,+6%
(DW used as a default, x-checked with
tunes A,BW, Z1,Perugia soft&hard)

- Total systematic uncertainty: 20-30%
(dominated by JES, p, resolution and lumi)

10 DC o ly|<2.4 (x4)
g 1[}4 | |'},I'|{I-'E
@ A |y|=0.8
< 10°
s 10
[ngh}
= 10
.
=) ;
£ 49 'L Vs=1.96Tev
2f L =07fb"
1D 1 1 I I I 1 I | |

* p., =40 GeV (x4)
C prg = 70 GeV (x2)
¢ Pyg > 100 GeV

lyl < 2.4

(b)

— NLO pQCD
plus non-perturbative corrections

0.4 05 06 0.8 1.0 1.2
My, (TeV)

15 04 0506 08 1012 15

My (TeV) 16



Differential
iny

Differential
in p;

Data / Theory

Three jet mass cross section (DO)
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- 1 —| ® Data/Theory (MSTW2008)
= ElS - --- CT10/MSTW2008

- Els — --- NNPDF2.1/MSTW2008
— —HE ] e HERA1.0 / MSTW2008
2 1E 3 — ABKMO09 / MSTW2008
| M1<08 P> 40,06V i V<16 pr> 4000V | et by pi+ P
__I I | I ‘ __ __I 1 [ I I 1 | __ __
3 Eje E E
- lyl<24 p3>40GeV 4 |y|<24 py>70GeV qF |y <24 p;>100 GeV -
1 ] ] ] ! ] ‘ | JC ] ! ] ] ] | | i N ! | ] ] ! | ] 1
04 0506 08 1012 04 0506 08 1012 04 0506 08 1.01.2

M:3jet (TeV)

X? test for central PDF values

TABLE II: v values between data and theory for different
PDF parametrizations in the order of decreasing v2, for all
19 data points.

- Reasonable agreement seen between data
and NLO (MSTW2008) for all cases.

- Comparisons to ABKM09, NNPDF2.1,
HERAL1.0 are also provided.

PDF set Default -\{2 at p,. = Hf — HO _\"{';uinilnnuu 2 :

oo (M) for default ay(Msz) - X° test is done for 3 theor. scales and all
HERAPDFvI.0  0.1176 95.1 81.7 s values available for a given PDF set
CT10 0.1130 4.5 582 - Best x? results for MSTW2008 and NNPDF
ABKMOYNLO 0.1179 76.5 76.5 /
NNPDFv2.1 0.1190 65.9 63.3 :
MSTW200SNLO  0.1202 59.5 505 S€e also talks by Z.Hubacek & M.Wobisch

on April 12 at QCD & Had F.S.
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Ratio of 3 to 2 jet production cross sections (DO)

- First measurement of ratios of multijet cross-sections at Tevatron
- Test of QCD almost independent of PDFs
- Many experimental uncertainties also cancel in the ratio R3/2.

- Measure R,,= P(3" jet | 2 jets) as a function of two momenta p-,.... Prmin:
Prmax — l€2dINg jet p; (common between 2- and 3-jet productions)

Prmin — SCale at which other 1-2 jets resolved

- Comparisons to NLO QCD, LO Sherpa and Pythia with a few tunes

- Shape of the ratios is well described by NLO theory and, as expected,
practically independent on PDF set.

- Excellent agreement to Sherpa 1.1.3 (MSTW2008 LO), Pythia BW tune
(tunes QW, DW [they worked for x: A datal, Perugia are significantly off)

- Probes running of a, up to p; of 500 GeV

Preliminary

I'lr=l'|‘f=pTrnaH

Prmin = 90 GeV

- D@ preliminary

- 0.7 fb”

int —

L

- NLO pQCD + non-pert.
[ —— MSTW2008NLO
---- CT10

-------- NNPDF v2.1

+ =+ = ABKMO9NLO
all for a(M;) =0.118

mein = 9[} GEV

100

200 300

200

100

200 300 500
meax (GEV}

100 200 300 500

18



Structure of high pT jets (CDF)

» Motivation: (a) test of QCD, tuning parton showering mechanism
(b) can be used for new physics searches with
a heavy resonance decay (Higgs, neutralinos, high pT top-quarks)

Preliminary

« Mass is calculated using standard E-scheme: 4-vector sum over towers in a jet,
which gives (E,px,py,pz)
« Selections: >1 jet with pT>400 GeV, 0.1<]|y|<0.7: 3136 (3621) events, jet R=0.4-1.0
anti-top: m_jet2<100 GeV and S_met < 4 and pT jet2>100 GeV

400<pT<500 GeV, anti-top cuts

CDF Run Il Preliminary

S
1 ; Data, Midpoint, 400 < p!*"" < 500 GeVic, pl** > 100 Gevie, S, <4
& - e s R=0.4, 0.1 < [1]*] < 0.7, m"" < 100 GeVic?
== -‘-
'.._t e R=0.7, 0.1 < [*] < 0.7, m"*? < 100 GeVic?
& 1072 = & t.',. ——  R=1.0, "] <0.7, m"" < 120 GeVic>
E i £ 3 :-!_
- B =3
3 B e am P L, = 5.95 fb]
= *ota. N '-
e 10 “
= =
-l ¢ + h
107 T T ] T *T T
-5 1[ L i L I L L 1 L I L 1 L L I t IIIIIIIIIIII
109 50 7060150 500 550 500 350 400
m"®"! [GeV/c?]
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Mass of high pT jets: comparison with theory (CDF)

- Good agreement between data and QCD LLA and Pythia predictions over
jet mass range 100-250 GeV and for both jet cones, R=0.4 and 0.7.

- Data interpolate between QCD predictions for quark and gluon jets; about 80%
of high mass jets are caused by quark fragmentation.
(See 0807.0234, 0810.0934 for more on the theory)

- Jet anqgularity and planar flows have also been studied (see backup slides 59,60):
Data prefer more “spherical” and aplanar configurations than QCD predictions.

Ro=10:4 R=0.7
o CDF Run Il Preliminary CDF Run Il Preliminary
; — Midpoint R=0.4, 400 < p'™" < 500 GeV/c, 0.1< || <07, 0.008 :_ Midpoint R=0.7, 400 < pI"" <500 GeVic, 0.1< 1" | <07,
0.0045P P > 100 GeVic, m™ < 100 GeVic®, S, _ <4 ) - P > 100 GeVic, m™™ < 100 GeVic’, S, __ <4
— e a —e  Data
g i 0.007F
0.004 N B STRTTRTReT Pythia 6.1.4 N e Pythia 6.1.4
'E' 0.0035 i_ Systematic Uncertainties ‘E‘ 0.006 - Systematic Uncertainties
E 0.003 ':: -‘ N Theory Curve (gluons) E 0.005 i_ Theory Curve (gluons)
E 0 0025 : Theory Curve (quarks) E ': - Theory Curve (quarks)
;._.-‘iFE : L, =5.95 b’ - FE 0.004 ;++ L, =5.95 fb”
T |T 0.002 T|o T 5 4
LE & 00030
= 0.0015 2 E NS
o Ul 0.002|—
Q000 e - =
0.0005 0.001
0 1 1 1 1 1 1 L | 1 L L 1 L 0 : 1 1 I 1 1 1 L | L L L |- F el
80 100 120 140 160 180 100 150 . 200 250 300
m*®" [GeV/c?] m*" [GeV/c?]
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V + jet Results

s

Fixed-order: NLO
LO + Parton Shower
Backgrounds to New Physics
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Vector Boson + et w

WH production Single top production W+dijet, ij “bump”

> -1 W+2jet / 2b-t
§ |©@D2,5317 T, e | 2 [T) DO 54107 T wECPE  [emmo]
(I‘\l, 200} |:]W+|Ight .E 4“ [ E 160F E
P L EMJB - : < 140F } —— Gaussim E
= = Wb [ i > 2 WWWZ {all B sy=t )|
S 150 7 30 W+jets 2 ook L] o
100} —WH x10 20+ L sof ;
115 GeV i 40 E
501 10} T 20 j
-20F _
% 200 300 40 0 140 160 180 200 220 O 200" -
Dijet Mass (GeV) Top Quark Mass [GeV] M, [GeV/c?]

- Background to top-quark, Higgs, SUSY, other NP productions

- Provide detailed measurements of p; and angular distributions

of vector boson and jet
- test of fixed order perturbative QCD, LO ME+PS predictions in EvGen
= testing and tuning of phenomenological models
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/Z+]ets production: jet pT, #jets (CDF)

Preliminary
6 fb-1, ee and pu channels, jet pT>30 GeV and |y|<2.1

CDF Run Il Preliminary CDF Run Il Preliminary

10° 10%
— = —e— CDF Data L= 2.37 b o) E —e— CDFData L= 2.37 b
‘;’ - [ Sytematic uncertainties Y= C [ Sytematic uncertainties
2 - 8= —o— NLO MCFM CTEQS6.1M B ? —A— LO MCFM CTEQ6.1M
G 102 e o o —e— NLO MCFM CTEQ6.1M
~ = —e— Corrected to hadron level z"i i Corrected to hadron level
~ = 2 2 2
e = o= Mo = Mz + p7(2), Rep=1.3 © 10° Mg = Mg + p%(2), R,,,=1.3
— C -~ W=21, ;0 =p/2 = W=2U, 1 =Hy/2

[ 10 = N - PDF uncertainties - e PDF uncertainties
_'Q_ § —— _ &
o C B A
~~
o) B —— =
c —
15 —— 10°
T Ziy(ou'w) +1 j(f.-tt inclusive - Ziy (- p'w) +2N je?s inclusive $
1 p™ >30 GeV/e, Y| <21 - pf>30GeVic, Y| <21
- 10

1.4F o 2 I
- 1.2E - .
(@) E ~ 15F I A 'Q. """""""""" I
g 1 S e T S e A
 0.8- a I
~ C C
E 0 6 __ 1 1 1 1 1 1 1 | 1 1 1 C I I
8 30 100 200 t 1 2 3

e >
p-|- [GeV/ C] _Njets

- Good agreement with QCD NLO in jet pT and #jets.
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Z+]ets production: jet pT, data/NLO (DO)

Measurement of 1st, 2"? and 3" jet pT in Z events:
- Z->ee, jet p, > 20 GeV, jet |y|< 2.5.

- Normalized to inclusive Z production x-section (cancel some uncertainties)

Ratio to MCFM NLO

107

2.0

=
[#]

—
(==

o
o

1st jetin Z + jet + X

LDO Run Il, L=1.04 fty| —#— Data at particle level

| m— MCFM NLO

E (a)
E :
-y (—oee)+1jet+X|
E 65 < M,, <115 GeV|
E Incl.inp®/y"|
B jet jet
E’ I:L:one = 0-5: | \H | < 2-5|| i
-I 1 1 1 I 1
= Data
= MCFM NLO == MCFM LO
— — Scale unc. —=— Scale unc.
C (b)
Iﬁiafﬁ./
----- R
m 1 ] L 1 gl L 1 ]
20 30 40 50 100 200 300

p, (1% jet) [GeV]

2nd jet in Z + 2jet + X

DO Run I, L=1.04 fo'| —#— Data at particle level
| m— MCFM NLO

(a)

Z/Tt (—ee)+2jets + X||
E 65<M,, < 115GeY)|
" Incl.inp® /¥

) T .

E R® =05, |y < 25|
-I 1 1 I

=+ Data

w— MCFM NLO == \MCFM LO
L, o Scale unc. —— Scale unc.
= (b)
1 L 1 1 1 [ 1 1 I 1
20 30 40 50 60 100 200

p, (2" jet) [GeV]

[1/GeV]

[dp.(3" jet)

X

Ratio to MCFM LO

PLB 678, 45 (2009)

3rd jetin Z + 3jet + X

F DO Run II, L=1.04 fo | —#= Data at particle level
B ' | == MCFM LO
~
10+ E (a) ~'-.~
5 ~.
E \\l
I LS
" . ~o
3 Zly (—ee)+3jets + Xll \s\
07 65<M,, <115GeV)| '\l
- Incl.inp®/y7|
L R®_=05,]y"| < 2.5]
10°%
== Data
== MCFM LO
—=— Scale unc.
3.0 (
1.5E !" —————— ] ———————
T.0F e e e e e e
0.5
1 1 1 1 L

40

50

60

p, 3" jet) [GeV]
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Ratio to MCFM NLO

Ratio to MCFM NLO

Z+]ets production; jet pT, data/MC (DO)

Comparison to Pythia, Herwig, Alpgen and Sherpa
Treating the scale choice as a tuneable parameter:
best description from Alpgen with lower scale (default: u.> = p,> + M.?).

Leading jetin Z + jet + X 2nd jet in Z + 2jet + X 3rd jetin Z + 3jet + X

-+ Data mrm PYTHIA S0 -+ Data =1= PYTHIA SO =+ Data == PYTH|A SO
=== HERWIG+JIMMY == HERWIG+JIMMY == HERWIG+JIMMY
20 == PYTHIA QW B = PYTHIA QW o === PYTHIA QW
FDO Run I, L=1.04 fb' G 2°E D0 Run II, L=1.04 b’ 9 B-OE DO Run Il, L=1.04 fb'
u z 2UE
1s B =
: = LaE 2
[ — Q. F = F f
10 l‘g'_;'-i':- = 1.0 o 1.0F
R o - - -
= i o E .,
i 8 B T - .
[ g 05 @ 051 . .
0-5 1 1 1 1 | 1 1 = 1 1 1 1 1 M 1 1 1 1 1 1
=+ Data SHERPA -+ Data SHERPA =+ Data SHERPA
== ALPGEN+PYTHIA == ALPGEN+PYTHIA == ALPGEN+PYTHIA
2.0 i —-Scale unc. | —=Scale unc. —— Scale unc.
: Q 25E Q 30
C 20
15F (d) | 2 <E E“&E(d)' -
n | 5 F L o - S 156 ooy i _____
s l____!___{——i——i—-—}—"l‘" B = 1gp =% o 1.0F
- N e - — - 9 : ------_-_—-__— o - .--.-_-_-_————-—-
» _ -—_-——n—-. g B T —— o -_ ______
B - 505} e s A e
0.5 m L L L1l 1 L 1 1 1 1 R B 1 1 1 1 1 1
20 30 40 50 100 200 300 20 30 40 50 60 100 200 20 30 40 50 60

o_ (1% jat) [GeV] p, (2" jet) [GeV] p, (3" jet) [GeV]




- W o ev(uv), |Neyl<1.1, psle(n)] 220 GeV, M, [W] = 40(30) GeV for e(p)

do/dp+ [pb/(GeV/c)]

- Data are compared to Alpgen+Pythia

Woev +2>1jets

107

W+jets production (CDF)

- Jets are defined with MidPoint R=0.4, p,>20 GeV/c, |n|<2.0

CDF Run Il Preliminary

—e— CDFData L=28fb"

10 = . Systematic uncertainty

- e = Alpgen + Pythia MC

. Corrected to hadron level
1! | < 2.0; p' > 20 GeVic
. %l < 1.1; p5 > 20 GeVic

107 L MY > 40 GeV/c?

_IJII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

0 50 100 150 200 250 300 350 400
First leading jet p; [GeV/c]

Preliminary

CDF Run Il Preliminary

W-oev +2>n jets

—e— CDF Data L=28fb"
- Systematic uncertainty
3
107 = Alpgen + Pythia MC
- Corrected to hadron level
| < 2.0; p' > 20 GeVic
= 1025— y °l < 1.1; ps > 20 GeVic
a - MY > 40 GeV/c?
Tl
= i —_——
S 10F
@] =
© ¥
B = |
1
="
107
| | I | I
0 1 2 3 4
>n jets

- For the pT spectra MC are normalized to total x-section in data with >1 jet
- Good agreement data/MC for jet pT and #jets.

See also talks on W+jets production at CDF and DO at QCD & Had.F.S. (April 14)



- Important background to the SM Higgs search in the ZH channel.

- Probe of b-quark PDF, important for gb - Hb & single-top studies

- Measurement of ratio o(Z+Db) / o(Z+]) benefits from cancellation
of many systematics => precise comparison with theory

- L =4.2 fb-1
-Z - ee/yh + b + X
70 <M, <110 GeV

-y
- lepton pr > 15 GeV Eoa
- DO Runll Midpoint Cone jets with R=0.5 g | |
- jet pr > 20 GeV < - Z+lightjet MC
-jetn[ < 2.5 0.3 e Zic jOt MC
—  Zibjet MC

- Secondary vertex tagging .
- Apply Neural Network algorithm on jets 0.2 : |
to enrich data with b-jets (NNout > 0.5) B
— Use a longer b-hadron lifetime to

discriminate between b/c/light jets 0.9 i 5
- Use data for light jet template, A iy T l_f_lj
Pythya+Alpgen for b & c jets e
- Use log likelihood fit to extract b- jets fractions o 02 04 08 08 1
NN output
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Events / 0.07

600

=
(=]
o

200

o(Z+b) [ o(Z+)jet) (DO)

> 10°

-1 d,

DO, 4.2 fb o

! Ty)
m .- Data ; 10%
= b jets | = 3

~ cyets| §

Light jets >

&= Total | WM

0.8
u, 1
Dy

- Measurement: 0.0193 +

PRD83, 031105 (2011)

10%

102}

: DO, 4.2 fb™
L (a) pu

. DO, 4.2 fb™

0 i
20 40 60 80 100 120 140 20 40 60 80 100 120 140

Leading Jet P, (GeV)

0.0022 (stat)+ 0.0015 (syst) |

<+  Daila
O Z+light
B Z+b
Z+C

it
Diboson
i Multijet

(b) ee

Leading Jet P, (GeV)

Most precise measurement of 'Z+b' fraction to date!
- Consistent with NLO theory: 0.0192 +/- 0.0022

(MCFM, renorm. and factor. scales are at Mz)

~8% syst]
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Z+b production (CDF)

=2 fb-1 | PRD79, 052008 (2009)

-Z s> eef/uyu + b + X T T ot Tt e ot T T T T Tl T Sl Tl e O e e e T
- jet pr > 20 GeV, jet [n| < 1.5 g ¢ COrDaa a)
- Jet track mass in the secondary vertex is 3 ——— MCFM Q%=

used to discriminate between jet flavors &

- -
- M B
TTTTT

|

C 2
Theory: e s MCFM Q%=<p? >

- MCFM : all calculations are at O(xs?)
- Pythia, Alpgen

o(Z+Db) [ o(Z) . 02— —%
Data: [3.32+ 0.53(stat)+0.42(syst)]x10 "’

MCFM: 2.3 (2.8)x10 °,Q°=Mz’(jet p;) o gF——T———T—T——T——T———"

do’® (Z+b jet)
de> ™
=
=]
|

|III|III|III|III|III|III|III|IIIr

Pythia: 3.5x10°° § = | b)
Alpgen: 2.1x10° 2 2: [ | ‘ i e

o o SRR SR ]
o(Z+Db) / o(Z+jet) M e e E
Data: 2.08 + 0.33(stat)+0.34(syst) % b 15 S
MCFM: 1.8% /2.2% 3 : l =
Pythia: 2.2% 05 -
Alpgen: 1.5% % 02z 04 06 08 1 12 14

MCFM(u= jet pTz), Pythia provide best agreement to data 29



o(W+b) (CDF)

L= 1.9 fb-1 Phys.Rev.Lett.10,131801 (2010)

pr™ > 20 GeV, [fjpjer| < 2.0, (Reone=0.4),  p > 20 GeV, |ne| < 1.1, pf > 25 GeV

___Vertex Mass Fit_| N - e — IS
e P e oW +b) = R
- m“ e . |
E"’: ; | J e ontibution Major b-jet backgrounds:
S 1 | S tt (40% of total background)

|

50

b-fraction=71% single top (30%)
Fake W (15%)
WZ (5%)

10 Measured cross section larger than
ALPGEN and NLO predictions (~ 30)

0 0.5 1 1.5 z 2.6 3

3.5 4 45 8
M (GeVie ")

O(W+Db-jets) - BR(W - 1v) =2.74 £ 0.27 (stat) £ 0.42(syst) pb

QCD NLO: 1.2 + 0.14 pb |
Alpgen :0.78 pb About a factor 2(3) of descrepancy with NLO (Alpgen)!
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Photon production

!

Test fixed order NLO,
resummation, fragmentation, PDF
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fractional contribution

Photon Production

> 000 V'V
q ) g | {7
Y g
g v QO

Direct photons emerge unaltered from the hard subprocess
- direct probe of the hard scattering dynamics
- potential sensitivity to PDFs (gluon!)
...but only if theory works

inclusive photon cross section D<) <0.9

|
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

partonic subprocesses

qq

(all quark/anti-quark
subprocesses)

a9

50 100 150 200 250 300
pr/ GeV

also fragmentation contributions:

suppress by isolation criterion
- observable: isolated photons
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do/dErdn’ [pb/GeV]

data/theory

Inclusive Isolated Photons (CDF,DO0)

Phys.Rev.D80,111106 (2009)

10° = () —e— coFDais, L25e”  CDF Phys. Lett. B 639, 151 (2006)
EJE- systemafic uncertainty
- . —e— NLO pQCD JETPHOX
10 o CTEQE. 1M /BFG I g‘ = Dg
E . Mt = =Ef @ i —1
n & CTEQA.1 M PDF uncerairties = 14 380 pb
1 E - ---emm--- gcale dependance "; .
- —— p=05E! and p=2E! ' =
A == 81.2* ﬂ |n|<0.9
107 gy T i
- —-— -1 i H """"""""""""""
102 |;— —-— 2.5 fb 11~ " ‘ l Jf ]
- R T
| B Emn u 4‘ “'
a —_— - u
10°L |5|<1.0 os ITTTT ] I
E E5° < 20 GeV B . f
104 L | | | | | | ‘!I! | 0.6 |- —=— ratio of data to theory
N i CTEQ6.1M PDF uncertainty
155_ () L e scale depende?ce ,
:g?. 0.4 _— 1 1 ([“|H=|ull:=|llfl=f)-:5F|)Tla?cjl ‘2|p-|r)| | 1 1 1 1 | 1 1 1 1
12, N 0 50 100 150 200 250 300
11" .. T T R i emwpyess. SR ¥
10F et P, (GeV)

Er [GeV]

CDF and DO: 20< p; <400 GeV, both results are for central rapidities, same binning
DO/CDF: results in agreement
Data/Theory: difference in low p; shape

experimental and theory uncertainties > PDF uncertainty
- no PDF sensitivity yet

First: need to understand discrepancies in shape (similar to results of UA2, CDF Run 1)
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- Isolated (ETsum[R=0.4]< 2.5 GeV) photons with pT>20 and 21 GeV, |y|<0.9;
- Data are compared with predictions by PYTHIA, DiPhoX, ResBos

Photon Pair Production (DO)

- Almost irreducible background to H— yy, other new phenomena, => should be understood

4.2 fb-1

- 1D cross sections in diphoton Mass, p_*, A¢, coso* and 2D ones (p_*, A¢, coso* in Mass bins)

> [Do,42fb’ (a)

O B *+ data

2107 RESBOS

= Efn — DIPHOX

= - - PYTHIA

E N PDF uncert.
107E -~ scale uncert.
10°F

m i | | | | L | |

(»] -

(1]

% |

1

e

2 0.5 e

& 7750 100 150 200 250 300 350

Good agreement between data

M, (GeV)

and RESBOS for M>50-60 GeV

do/dp.’ (pb/GeV)

Ratio to RESBOS

T
T T TTT

Phys.Lett. B690,108(2010)

- DO, 4.2 fb™!

(b)

wmw
0 10 20 30 40 50 60 70 80 90100

p!’ (GeV)

Data p_” spectrum is harder than

predicted: need for NNLO?
Unaccounted fragm. contribution? 34



Photon Pair Production (CDF)

http://www-cdf.fnal.gov/physics/new/qcd/diphoXsec_2010/public_diphoton.html
- Isolated (ETsum[R=0.4]< 2 GeV) photons with pT>15 and 17 GeV, |y|<1.0; 5.4 fb-1
- Data are compared with predictions by PYTHIA, DiPhoX, ResBos

- 1D cross sections vs. diphoton Mass, p_*, Ag. Preliminary

-
{=

:F §|||||||||-||||||||||||4||||||||||||||||||||||||||I E—- :|||||||||||||_1|| ||||||||||||1_.
- CDF Il Diphoton 5.41b C ]
§ [ E>15.47 5;3 |-:||::=1.n':| EER Dats -g, B 5,21:% E:ﬂ-:ﬂf: S4tb —+— Data
Y A R>0.4, Iso<2 GeV DIPHOX CTEQEM rd A R>0.4, Isp<2 Gelf DIPHOX GTEGEM
g 1 g—|""‘I'¢‘|II'I‘III‘IEI'}II pl_:'.l.:IuH:Mf? —§ -:; B Preliminary J-ler-lrzlJﬂzr'l'llle
2 F }.L ---- RESBOS CTEQEM 3 < 10° = ---- RESBOS CTEQEM —
—_— 4" v PYTHIA sCaled X2 T . PYTHIA scaled x2 3
510'1 L[ % — -8 u o
= 5 . . . E B igl
& A %  Significant contrib. from 3 i 0
% gg- yy, fragmentation ] Significant contrib. .
107 %o, . 10 . g
e = from fragmentation R
: - . ~ - T
Lz Brad gty [Ty
10‘3 1-:_ i E_'-'_"_-"_-': — : -Q—_*_._—.T!,_I:'
- f—— = - - S ol
: Ee==s 1 + ¢ i |
= [ L - h;
orl = TR et 1T ¢ S
: o Sty T e
A ] R — _IT e aab
1“'5:|II|II|I||I|I||II||I|I||I|III!II|I|II||||II||III| ‘1 'I-d
50 100 150 200 250 300 350 400 450 500 10 | | L | 1

nIF|
o
()]
-
N
Ll
N
(X
tn
[ ]

vy Mass (GeV/c")
A (rad)

- None of the models describe the data well in all kinematic regions, in particular
at low diphoton mass (M<60 GeV), low A¢ (<1.7 rad) and moderate p_** (20-50 GeV)

- Data/Theory: similar conclusion to those from DO results

- See also a talk on recent DO diphoton results on April 14 at QCD & Had.F.S.
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Underlying events
Double parton scattering

!

Tuning phenomenological models,
MC Generators
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Underlying Event in DY and Jet production (CDF)

UE events: MPI + beam remnants
Goal: improve understanding and modeling of high energy collider events

Define 3 regions in a jet/DY event, Z or Jet #1 Direction
based on the leading jet/dilepton pT

“toward”
“away” \

“transverse”

Away Region

Transverse
Region

“Toward”

“Transverse” “Transverse”

Leading

“transverse” region
Jet

- very sensitive to underlying event

Toward Region

Study (in all regions) Transverse
* charged particle density (per AnA¢) eEion

* multlpI|C|ty Away Region
* Py SUum density
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Underlying Event in DY and Jet production(CDF)

Phys.Rev.D82,034001 (2010)

Comparison of three regions in DY

* ‘“away” region: pT density increases with

lepton pair (or jet) pT

* “transverse”, “toward” regions:

pT density is almost flat with lepton pair pT

Transverse Region Charged p; Sum Density: dp/dnd}

All Three Regions Charged p, Sum Density: dp/dnd¢
- 12

CDF Run 2 Preliminary
pr> 05 GeViecand ml <1

LLLLL

u
it
an

Cl

% |

E -

> 10— Transverse: PYTHIA Tune AW

= ~ . Transverse: Data

c " eeeeeeeen. Toward:PYTHIA Tune AW l

8 sl ] Toward: Data
T Away: PYTHIA Tune AW + I

E - A Away: Data T

T el 70<M,<110Gev/E P

3 ra

c = o g

(] 1';

E B e

o A4 i

= - .t

% i - i

> i

=

&

|—

- -
|-

4

Transverse Momentum Sum Density (GeV/c)
= = N ol
L4 ] =y L4, %] [4)] [ ] L4,
|IIII|IIII|IIII|IIII|IIII|IIII|IIII

o
o

--------- Leading Jet PYTHIA Tune A

-—-"L'w“L l

CDF Run 2 Preliminary ~2.7 ﬂ;"’
P> 0.5 GeVicandn| <I

Dell-Yan PYTHIA Tune AW
. Drell-Yan Data

o Leading Jet Data
70 <M, < 110 GeV/c

} F 3y i-iii-*'}-%}jlai_jfi

10 20 30 40 50 60 70 80 90 100
Transverse Momentum of Lepton Pair or Leading Jet (GeV/c)

Comparison of “transverse” region
between jets and DY

* similar trend in both (MPI universality?)
* tuned PYTHIA (A,AW) describes data

IIII|II Ll Ll
30 40 50 60 70

80 90 100
Transverse Momentum of Lepton Pair (GeV/c)
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Minimum bias track multiplicities and pT (CDF)

— Sensitive distribution to QCD perturbative/non-perturbative effects, MPI.

Track pT

Data Bun 1l

Pythia TuneA, hadron level

nj=1
p.=0.4 GeV/c

3.5 ;— —|— Data / Pythia TuneA, hadron level

Systemnatic
uncertainty |

_|_
1.5 _|_

I::'h-ﬂ-—-—-—-—i——|—

| S

|_;.-'-,:IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII
- 5 ] 15 £ 15 ETEEE] an 45

i ) p, [GeVic]

— Well described by “Tune A” MPI| model

— Not all processes are included in Pythia
“minbias” event: source of a discrepancy
at high track pT.

Data / Pythia
I

<p, > [GeV/c]

Phys.Rev.D79,112005 (2009)

1.4
— = Data Run Il <1 and pT20.4 GeV/c
13
12
: LT
1.1 ST
0.9
os- A T .
N Pythia hadron level :
0.7F= —— TuneA no MPI TuneA p =0
- TuneA 6T=1 R ATLAS tune
O'6_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 5 10 15 20 25 30 35 40 45 50

charged particle multiplicity

— Data favors the presence of
multiple parton interactions (MPI) and
can be used to constrain MPIl models.
(MPI lead to larger Nch that are harder
than the beam remnants but not as
hard in pT as for the primary hard 2—2
scattering.) 39




Double Parton Scattering in y+3 jet events (DO)

+Study of MPI events in high pT regime (jet pT>15 GeV); complementary to CDF.
+ Complementary information about proton structure: Spatial distribution of partons

= Possible parton-parton correlations. Impact on PDFs?

+Needed for understanding multijet signal events and correct estimating
backgrounds to many rare processes.

Selections: 60 < photon pT < 80 GeV,
/ lead. jet pT > 25, other 2 jets with pT > 15 GeV

XA Q / X5, N Main Background:

Pr
o Single Parton SP
B XE P i
/ X ‘ B scattering
pj:13
pj_:_;lE

O.. = 0. 0./]0O Three types of

DP yi it T eff events with Double

Parton scattering

Geff IS a scale parameter sensitive

to the size of effective parton
interaction region, and thus
=> to the parton spatial density
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Double parton results, y+3 jet events (DO)

Phys.Rev.D81,052012 (2010)

£ 06/ DO, L =1.00" 2 [pgL =10f
d>, C é 25— ’ Cint )
()} . I = B
2 05 4 F o]
DS 0.4 -
: : A 15 \ ?
'..g. 0.3 ] . X ¢
® B .
IC 02 © from AS A 107
- 0 from AS sk
0.1 C
from AS N
1| T |||||| [ L I I | ! 1 ! ! | ) L | L
076 18 20 22 24 26 28 30 9 20 % 30
P (GeV) pr* (GeV)

e The measured double parton fraction drops from 0.47+0.04 at
15<p,<20 GeV to 0.23+0.03 at 25<p,,<30 GeV

« Effective cross section averaged over 3 p,,bins:
oo =16.4+0.3(stat)=2.3(syst)mb

« Good agreement W|th Run | measurements by CDF
(“4 jets”, 0,,=12.1"5,) mb and “y+3jets”, (rff—145+17 1 mb)
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Angular decorrelations in y+2(3) jet events (DO)

Motivations:
» By measuring differential cross sections vs. azimuthal angles in y+3(2) jet events

we can better tune (or even exclude some) MPI models in events with high pT jets.

» Differentiation in jet pT increases sensitivity to the models even further.

Four normalized differential cross sections are measured
- Ap(y+jetl, jet2) in 3 bins of 2" jet pT: 15-20, 20-25 and 25-30 GeV
- AS(y+jetl, jet2+jet3) for 2™ jet pT 15-30 GeV (larger for stat. reasons but still

has good sensitivity to MPI models)
APy P

See also talk at QCD & Had.F.S. on the double parton production at DO (April 14)
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doc _/dAS
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1/

AS and A¢ cross sections

Phys.Rev.D83,052008 (2011)

® Data 50 < p, < 90 GaV 8 ® Dat 50 < p, < 90 GeV *
& Pj’thlEl tune A et | A P}"thlﬂ. tune A il 0 GeV
Pythia tune DW A" > 30 GeV ¢ T Pythia, tune DW P e ’
= 12 : 15<p <20 GeV
1k = Pythia tune SO 15<p, <30GeV 1F © Pythia tune SO o T .
- A Pythia, tun PO o> 15GaV . f 4 Pythia wnepo Py > 15GeV
[ . ¥ [ ¢ Sherpa, with MPI e
[ Sherpa, with MPI - % NLOQCD {JetPhoX)
- 0 Pythia no MPI g .| o Pythia, noMPI .
= Sherpa, no MPI i Sherpa, no MPI
B 4l
1 5 107F . I
: I
1 D—1 :— s : s ;
I _
B A * + &) B * ]
- 4 S — 102 8 d .
LA 2" jet pT : 15-30 GeV : 2™ jet pT : 15-20 GeV
I 0 O
0 I
_E L 1 L 1 I | L 1 L | 1 1 1 1 | 1 1 1 L | 1 1 1 1 | 1 1 1 1 | 1 i 1 1 1 | I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I*I 1 | 1
% o5 1 15 2 25 3 0 0.5 1 15 2 25 3
AS (rad) A¢ (rad)

MPI models substantially differ from any SP (=single parton scattering) prediction.
Large difference between SP models and data confirm presence of DP events in

the data sample.

MPI models differ noticeably between each other, especially at small azimuthal angles
=> we can tune the MPI models or just choose the best one(s)

Data are close to Perugia (P0O), SO and Sherpa with MPI tunes.

N.B.: the conclusion is valid for both the considered variables and 3 jet pT intervals!
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Summary

« A few recent Tevatron results are presented: current level of understanding jet ID,
systematics and jet energy scale leads in many cases to experimental uncertainties
similar or lower than theory uncertainties.

=> Precision measurement of fundamental observables.

Good consistency between DO and CDF in most cases, complementarity.

Jet results: good agreement with pQCD, sensitivity to PDF sets,

strongest constraint on gluon PDF, extraction of s, detailed studies of the effect
of different jet algorithms; jet substructure, limits on many NP models.

Z/W results: extensive tests of pQCD and MC models

Photon results: test fixed order NLO, resummation, fragmentation.
Theory should be better understood.

* Underlying/DP events: strong constraints/improving phenomenological models
at low and high pT regimes.

4.4,



Tevatron talks in parallel sessions

QCD and Hadronic Final States

Title Speaker
e Multi-jet measurements at DO Z. Hubacek

» Jet production and the determination
of the strong coupling constant at DO M. Wobisch

* Light resonances in minimum bias events

at CDF S.Oh
* Direct Photon Pair Production at DO D.Bandurin
* Multi-parton interactions in photon+jets

events at DO A.Verkheev
* W/Z + jets at CDF D.Stentz
* W/Z + jets at DO D.Price

Small-x, Diffraction and Vector Mesons
e Diffraction results from CDF D.Goulianos

Date
Tuesday, April 12

Tuesday, April 12

Wednesday, April 13

Thursday, April 14

Thursday, April 14
Thursday, April 14

Thursday, April 14

Wednesday, April 13
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BACK-UP SLIDES
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w The D@ and CDF detectors

» Data taking efficiency (D@ & CDF) = 90%

Tracker Solencid Magnet
protons |

» Multi purpose detectors with
broad particle ID capabilities

b » Stable detectors and triggers
3

o =

Prashowears

» Calorimeters (— jets, e, v): Fine (L
granularity and good energy resolution w—= |
D@: Anx A¢ ~ 0.1 x 0.1 h
CDF: Ap x Ag ~ 0.1 x 0.26 . ;
SVXI + ISL |
» Central tracking systems (— charged particles) cot WA

» Muon spectrometers (— muons)



Corrections to particle level

Calorimeter-level

jet\l

5 \ .
. Hadronic showers —
A\

\

P _|_'
A}

3

/

/

/

+ EM show)érs

- data are corrected to particle level

a| | aviH

1 \

Hadron- IeveI
jets

Parton- IeveI
jets

N F &
~ 5
I
S
v
) U
)

T

Hadronlzatlon

Underlying event

- particle level measurements are
compared to NLO theory

- NLO theory is corrected to particle
level using parton shower MC

? In Run Il jet results, in most cases:
Data

Theory

Chad = observable (particle level)
observable (parton level)

- There is also correction (Cue) for the underlying

events (MPI). Usually we run Pythia with a couple
of Tunes, Herwig+Jimmy and correct predictions

with MPI to that without.
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do/dx, dy (pb)

ratio

fastNLO prediction

Inclusive Jets: Tevatron vs. LHC

PDF sensitivity:

inclusive jet production = compare jet cross section at fixed
X; = 2 p;/ sqrt(s)

Tevatron (ppbar)
>100x higher cross section @ all x;

>200x higher cross section @ x,>0.5

) LHC (pp)
Tevatron sqri(s)=1.96 TeV. % | « need more than 2400 fb! luminosity
==== LHC sqrt(s)=14 TeV % to improve Tevatron@12 fb'

 more high-x gluon contributions

300

200 |-

T L OOyl O S R —

{ ¢ but more steeply falling cross sect.
at highest p, (=larger uncertainties)

Tevatron Bun |l / LHC

100 |-t

—> Tevatron results will dominate high-x gluon for some years 49




Gluon PDF and Tevatron data

from MSTW?2008 paper

Gluon distribution at QE = 10" sz—:-'a.-’E

D 1.5 = T T
- = MSTW 2008 NLO {90% C.L.) y
) & MRST 2004 NLO A
S 13 :&; R .
R o NN CTEmSMO AR
= % / SR TR :;: ¢:':I*:*::.* R \
Eo1E . ::&:":‘::'+~+u::*::‘:‘:*"
vl -—“ +t"’+* %"' &"'4 ‘i*“’ur
2] = ’ ey ‘”
= 1 ""_-r_r_:-:{ff.‘-n‘ '+'I"""""‘:" :: R " :+ h..tﬁ
SRR .. \‘\-‘ \".h
S 0.9 \\\\\ \
© TFE -
E 0.8 :
0.7E -%:
0.6 =
u.ﬁ - 1 1 1 1 1 ] _
0.1 0.2 0.3 04 05 06 07 0.8

>

-CTEQG6.6 does not use Tevatron Run Il jet data, while MSTW does
- MSTW2008 and CTEQ®6.6 results are in agreement for x<0.3
=> Tevatron jets mostly affect PDF at x>0.3



Difference between quark and gluon responses

Responses in the calorimeter for quark and gluon jets are different
=> Different corrections are need depending on final state
(dijet events are dominated by the gluon jets, ttbar ones are quark dominated, etc)

0.90 JCCA - midpoint cone R=0.7

sealed
MPF

+‘JCCA ¥+9 go< I <0, J
+ JCCA v+g

0.85
0.80 %
0.75
0.70
0.65

0.60

IT'II|IIII|IIII|IIII|IIIIIIIII|IIII|IIII'

=
| R FLens Rty | R
n
ullllllll|||||||||||||||||||||||||I|||I ] |||||||||'lJ_|| [ | IIIIII Tl I 1Tl | 1Tl
-
L |

rel. difference [%]
- I e e e s

TI||III|III|III|III|III|III||IIIIII=I

1 1 | 1 1
20 30 100 200

-
e
0
)
o
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Jet energy scale calibration

« We do not “see” partons or particles in calorimeter, only ADC counts

« ADC counts --> cell energies

 Run jet cone algorithm (see Backup) with

AR = V(Ay 2+A® 2) < R

cone

Jet's E are corrected to the particle level using
the Jet Energy Scale (JES) setting procedure :
o Calibrate using y+jets (dijets and Z+jets)

* JES includes: Energy Offset (energy not from the main hard scattering
process); Detector Response, Out-of-Cone showering; Resolution

 Responses in the calorimeter for quark and gluon jets are different:

additional corrections are applied to convert y+jet — dijet JES.

Energy scale uncertainty: 1-2.5% (a lot of hard work of many people)!

S— =
3 £  DO@Runl 3
.E" “E Reone = 0.7, -Il|n.*' =0.0 =
‘E 3{]‘:— — Tatal - -= Showering _:
g o 5F - - Hesponse Offset :
o - E
= 2.0 E
[ - E
= of e == ]
g 't ]
s l : ..................................... _:
[],ﬁ: . | e e E
50 60 100 200 300 400
peee (GeV)

Fractional uncertainty (%)

3.5F
3.0
2.5

2.0 -

1.5F

D@ Run Il 3
Aene =07, m_=2.0 E
—Total  ---Showering E
-- Hesponse Offset

-
o
.

0.5

e

0.0
2

60 70 80 90 100

P (GeV)
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Inclusive jet production (DO): correlations study

- All systematic uncertainties in data compose 24 main groups
- Possibility to constrain PDF further using the provided correlation matrices
- Detailed paper on the measurement to be submitted soon to PRD

yl<04 D@Runll 20<|y|<24 |
. ' : Main sources of
S0F EM energy scale : systematic

E— el uncertainties

Photon energy scale : /

H|gh p extrapolatlon

n -intercalibration .

o
III

0
o
7

)
IIII

8)
&)
7

o
IIIII

)

Detector showerlng .

Relative uncertainty (%)
(@)
=

50F
O:_ . _——i —#
50;— Uncorrelated uncertainty
OF ——— . |
50'— Total uncertalnty

e e #
of - . i .

50 100 200 100 200

P, (GeV) 53



Photon Pair Production (CDF)

Direct Photon Pair Production Differential Cross Sections
measured with the CDF Detector: Ratios of Data/Theories

COF Mun 1 Preliminary
' OF Mun 1 Preli=inary

=5 | — . . .o R
E % “;_ e " Cgawaton =
$ : E + DUY Silewaery
3 P + ++ E
3 :E + E
£ - Y et taere, -
: : i
E SN
3 g 1
: S s g AN, »
05

8 } } } } }
iﬁ‘ § Resummation
g i
i E

& .
i G 5 WS T

= 1] T . 159 T T T L1

v P (GeVic) A (rad)
Resummation Fragmentations

54



Z/W+jets production

Use leptonic Z/W decays as most precise probe of QCD
- high Q% (~M, or M,))
- very small backgrounds, right down to very small p.!

Concentrate on high pT final states antiproton
- regime of perturbative QCD

Theory predictions: q
PQCD (+ corrections for underlying event & hadronization):

-LO Z(W) + 1 - 6 partons Q= q
- NLO Z(W) + 1, 2 (MCFM)

[NLO W+3 (Rocket, Blackhat+SHERPA) is also available now] g

Event generators:

-LO 2 ->1, 2 + parton shower 7
- PYTHIA, HERWIG

-LO 2 -> 1-6 + (vetoed) parton shower
- ALPGEN ( MLM ME-PS matching),
- SHERPA (CKKW ME-PS matching)

These generators are the main Tevatron and LHC tools
- but, leading order » large uncertainties
- must to be tuned to data! 55




o(W+c)/o(W+jet) at DO and o(W+c) at CDF

Sensitive to s-quark PDF:90% s, 10% d  Measurement cuts:
lepton pr > 20 GeV

signal: OS>>SS missing Er > 20 GeV
(d.s,b) v backgrounds: OS~SS DO midpoint jet Reone=0.5,
(subtracted in the diff. 'OS-SS') piet> 20 GeV,|nf| < 2.5(1.5)

Phys.L ett. B666, 23 (2008)

02—

0.18 DO
e L=1fb"
0.16 -
_._ 044 Alpgen (v2.05) + Pythia (v6.323)
°|» :
& Soa2f
? f 0.1F — |
2./12.0.08 |-
‘E'B’D.DB—
DO Data: 0.074 = 0.019 (stat) = +0.0124 414 (SYS) i R
Alpgen+Pythia: 0.044+0.003 };’fp cev
CDF: o(W+c)*Br(W-> Inu ), L=1.8 fb-1 : T
CDF Data: 9.8+3.2 pb L Good agreement data/theory
QCD NLO: 11.0 +1.4/-3.0 pb Phys.Rev.Lett.100,091803 (2008)
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Angularity and planar flow (CDF)

« Angularity and planar flow variables study the jet substructure; quite robust
against soft radiation, less dependent on the jet algorithm used.
- Angularity: sum over calorimeter towers:

. l . .
Tu(R.pT) = Z ®; sin“ 6; | 1 —cos E,‘l,-]l H

J'H'_,l' i= jer

Yot — |
I U}'Bj )
i 6

fily 1= jer I
where w i is energy of a jet tower (particle)

- It is sensitive to the degree of symmetry in the energy deposition inside a jet:
can distinguish jet originating from regular QCD production of light quarks and e.g.
gluons from boosted heavy particle decay.

- Data show fewer jets at lower angularity, i.e. prefer more 'spherical’ jets.

CDF Run Il Preliminary

0.2 - Midpoint R=0.7, 400 < p"" < 500 GeVic, 0.1 <[n""| < 07,
-

0181 . 90 <m" <120 GeVic’, p > 100 GeVic, m"" <100 GeVic?, S, <4
= ——e—— Data

0.16 .
- E Systematic Uncertainties

0.14 :
= Sl I B Pythia6.1.4

012
- . Theory (quarks)
] .‘ﬂ

[}
(=4
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o
i~
o
=
=]
@ 01
=
=
=
—
s
e
=]

0.08
S 006 :
< 004 [ - + +++ +
0.02..} ol +H
oA ++ Lged ".-+.+ s s olle = S
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jett
T2
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Angularity and planar flow (CDF)

- Planar flow is another jet substructure variable:

I
Iy

Pik
!
1.i" r.

kl
JK —

Yo
[

Pi.l

11L||I

4

3

tr(lw)

LILI.HK[“ J' -

4k

(A +A)?

where w_i is energy of a jet tower (particle), p i,k is a k-th component of transverse
momentum relative to the jet momentum axis; A_1,2 is eigenvalue of the matrix |_w.
- Pf should vanish for linear shapes and close to unity for isotropic depositions of energy.
- At high jet masses (140-200 is considered) data prefer more aplanar configuration

than QCD prediction (anti-top cuts are applied).

0.35

03

0.25

0.2

0.1

Arbitrary Units / bin o1 0.1

0.05

CDF Run Il Preliminary

Midpoint R=0.7, 400 < p_j:” < 500 GeVic, 0.1 < ] <07,
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——

!:_I_~:4

Data
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PDF Systematic Uncertainties
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Planar Flow'™

1
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02

015

0.1

0.05

CDF Run Il Preliminary

I'[TI['II[]TT]FT]I[]I['IITTIT
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Combined Xs(Mz)

‘ Based on 22 inclusive jet data points with x-test<0.15

‘ Combined Xs(Mz):

+0.0041
xs(Mz) = 0'1161—0.0048 NLO + 2-loop threshold corrections

=0.1202" 0ss  NLO

TABLE I: Central values and uncertainties due to different sources for the nine o, (py ) results and for the combined o, (Mz)
result (bottom). All uncertainties are multiplied by a factor of 102,

pr range No. of data T va(pr) total experimental experimental non-perturb. PDF [y, §
(GeV) points (GeV) uncertainty  uncorrelated correlated correction uncertainty  variation

50 - 60 1 545  0.1220 g +0.4 e il Toa 1o
60 - 70 4 64.5  0.1204 to2 +0.3 Y s o e
70 - 80 3 745 0.1184 o +0.3 M o Tos o
80 - 00 3 84.5  0.1163 +5.1 +0.3 0 e o o

. +51 : +3.5 +3.5 +0.5 +1.1
00 - 100 2 04.5 0.1142 “io +0.3 Tae Tag TR Toa
100 - 110 2 104.5  0.1131 A +0.2 o e o e
110 - 120 2 114.5  0.1121 M +0.2 +3.1 +a.5 tof +1.2
120 - 130 1 1245  0.1102 ti;; +0.2 N e M o
130 - 145 1 136.5  0.1000 i +0.3 M 2 oo MY
50 - 115 22 N, 0.1161 FI1 0.1 27 FI0 FII FI°

Main correlated uncertainties: JES, pT-resolution, luminosity -



(X : Fit Method

« Minimize X* (used in many PDF fits, DO dijet angular PRL)

2
. | [ﬂr; —fgi;-.f?f_’_kf;l 1—|—EJ. rﬁjjffj})} - .
NGLDEDS > ( : + D+ ai
. ﬁ.-

; T} stat. T 7 uncorr. j

- 23 experimental correlated sources of uncertainty
- non-perturbative corrections uncertainties
- PDF uncertainties

Separate treatment for renormalization and factorization
scales (convention from LEP, HERA):

o perform fits for fixed scale

e repeat for scale factors 2.0, 0.5

e quote differences as 'scale uncertainty'

- does not assume Gaussian distributed scale uncertainties
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dijet mass with pg >250 GeV (last bin: >1.1TeV!)

Angular distributions: dijet X (DO)

- Measure x = exp(|yl - y2]) in 10 regions of

PRL 103, 191803 (2009)

g, - —— DZ 0.7fb”"
- Good agreement fvith NLO PQCD(MSTW2008) = 01 ¢ + _ — Standard Model
- Data are used to set limits on the models of ® 005 W - - - Quark Compositeness
Quark compositeness: ~ 3 TeV 5 L 10.25 < M/TeV <0.3 A=22TeV (n=+1)
TeV-1 extra dim. : ~1.6 TeV 5 01 _+ ------ ADD LED (GRW)
ADD extra dim. :~1.3-1.9 TeV (dep. on Ned) ~ R et W = 1.4 Te¥
: e j 0.05 ‘H_¥ 1 L --- TeV'ED
Large excess at small Ay is expected 03 <MyTeV <04 M, = 1.3 TeV
in QC and ED models 0(1) == -
2 : | ot
£ 0.14 | —— Rutherford Scattering 0.05 Mi* AT [t
) - wewe QCD i 0.4 < MyTeV <0.5 05<M/TeV < 0.6
5 012 |- _ A RN R R
O R e New Physics
L 01z
0.08 [, *
006 G T . S
| | | o | | | |
1[1 12 14 16
Loie= er»:;::f(ly1 V)  M>1Tev: > St
E 10 <M/TeV < 1.1 M Tev = 1.1
' 0|||||||”||||||| T TR VN
> e > 5 10 15 5 10 15
' Xduet exp(|y1 y2|)
Small Ay Large Ay 6l



* Inclusive jets

Jet “Definitions” - Jet Algorithms

Midpoint cone-based algorithm Infrared unsafety:
O] CLUStEFDbjECtS based on their soft parton emission changes jet clustering

proximity in y-¢ space

[0 Starting from seeds (calorimeter
towers/particles above threshold),
find stable cones
(kinematic centroid = geometric center).
[0 Seeds necessary for speed, however source of infrared unsafety.

[0 Inrecent QCD studies, we use “Midpoint” algorithm, i.e. look for
stable cones from middle points between two adjacent cones

[0 Stable cones sometime overlap

- merge cones when p; overlap > 75%

More advanced algorithm(s) available now, but negligible effects on this measurement.
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* Inclusive jets w

Jet “Definitions” - Jet Algorithms

kr_algorithm

relative transverse momentum (k) 7

2 ; I Ty
o . 2 7 AR : . Jlﬂe'
dy =pz;. dy=mnun (pr;.pT;) o7 d ‘\A

until all objects become part of jets

B Cluster objectsin order of increasing their /’,, 1\\
‘ =]

B D parameter controls merging termination and Ky et Cone jet
charactenzes size of resulting jets

B Noissue of splitting/merging. Infrared and
collinear safe to all orders of QCD.

B Everyobject assighed to a jet: concerns about vacuuming up too
many particles.

B Successful at LEP & HERA, but relatively new at the hadron colliders
O More difficult environment (underlying event, multiple pp interactions...)
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DP Signal variables

Calculate the azimuthal angle for the pair that (4 Y D Y
- _ 1 [Adly, i)y [Adlj, k)
gives the minimum value of S: —_— S,=—1 —| + SEaEY
L o2l agly,i Vol L k)|
A _ A v Jet, jet; . ety T N T
AS = ,l'l._(r.l (pl : p.[, ) 5 1—1,.| F"TI_}-,I._| | F"le.,k.
T2V EPriy )] aPr(j. k)|
2 oo
8 !
S 25[ PYTHIA 6.4 P
= : K
- 2; * AS,y+3jets, SP models —— .
; A AS,y+3jets, DP model
15[
1t
o
i ' 3 &
s * I e

=
o
(4]}
—
—
5]}
N

2.5 3
AS (rad)
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E d’c/dp’ (mb/GeV’c?)
s 8 3 3 3 3 3

-
(=]
o

MINIMUM BIAS —- HYPERON PRODUCTION (CDF)

— Strange particle production can reveal mechanisms from the collision.

CDF Run II Preliminary

:10"
200
_ 1sof —
™~ £ &)
3k 3
= n =
= kb T
= 100l =
E of- 2
g0
aof
20f i
R R R B PR FR KU R ERE SR E R R N N
M _(GeVic?) M. (GeVic’)
z N CDF RUN I Preliminary
E “a 10"
;_ [ ITII <1 .f,;“
E : -Fit to A(po" /(p1 +po)") ’“% 102
— =! O
= re)
- £ 10°
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C -~ 10*
= o A 5 10
= w
= = 10°
C Q
= 10°
._l L L | L Il | I L | J | I Ll | I | I J L I | Ll
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IIIIIII| T IIIIF| | IIIII|T| | IIII|T|'[_|-
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Event /(2 MeVicY)

100

PRI B | PRSP IR U RS S S S R A

164 165 166 167 168 169 1.7 141 172
2

M, (GeVic?)

CDF Run |l Preliminary

LY )
O
";‘OO Nch : Tracks with |1 |<1 and
*‘Oo } pr > 0.3 GeV/c
& )
“‘O
4 QO
Lo
Inl<1 =0
A,
A L .9
= | o N, <10 -
= | a N, >24
B o
S BrTer el PYewrrad R AR oo e |*.|
0 1 2 3 4 5 6 g 8 9 10
p; (GeV/c)

— Cross sections are measured in pT bins,
accessing previously. yngyplored high pT regigngangel

— Cross sections are also measured in
different multiplicity regions.

| http://www-cdf.fnal.gov/physics/new/qcd/hyperons_10/hyperon_public_note.pdf
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MPI, experimental tests

Jet #1 Direction

Jetdirection  Jet pedestal effect

‘ “Toward”
o : I ' ' ' LIJA 1 : C D F ( R u n 2 ) “Transverse” “Transverse”
s [ 4 V :
_ 540 Ge _ ETsum Density: dETIdnd(pI
B . 100.0 +
; T
8 =+ s
‘-; <) = — o =
- % -
e ' r E S 100
= B b > T
*:I-I. N i = "Transverse" /
= 0.5 | I 5 gssazssss = = g = § - lii E
;._-‘ 7 (a]
= % 1.0 :
G oz [ Phpet m ' CDF Run 2 Preliminary _Leading Jet”
| data corrected MidPoint R=0.7 |n(jet#1)|<2
0.1 ~ | PYA generator level Stable Particles (|n|<1.0, all PT)
L =3 0.1 1 1 1 1 1 1 1
= NO MPI 0 50 100 150 200 250 300 350 400
o.05 !
- ‘ PT(jet#1l) (GeVic
. o 10-15 GeV Uet#l) (Gevic)

- Presence of high pT 1°" interaction biases events
towards smaller p-pbar impact parameters and hence
leads to a higher additional activity but saturates

et ot O\ ato(pT jet) < a_nd (“nd” = non-diffractive).

Luminositl?/: ® - The height of the pedestal depends on the overlap,
, I.e. on the parton matter distribution function.

Leff(A):fD(r)D(r )dvoverlap 00

2R




b-bbar Dijet Production (CDF)

- Preliminary cross section results with L = 260 pb-1

- jet pT>35 and 32 GeV, |eta|<1.2

- The purity of b-bbar events is calculated using SVT
track mass; purities in the mass/A® bins are 75-90%

- Comparison with Pythia (tune A), Herwig+Jimmy and
MC@NLO+]Jimmy:

Data: o = 5664 + 168(stat) £ 1270 (syst) pb
Pythia: o = 5136 + 52(stat)
Herwig: o = 5296 + 98(stat)

MC@NLO: o = 5421 + 105(stat)

- Tested: lead.jet pT, dijet mass, A®; good agreement
- Discrepancy with MC gen. predictions at small A®.
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Ratio to SHERPA

/+|ets production. A¢(Z,jet)

First measurement of A¢(Z, jet) !
- Z>up, |y, |<1.7, pr, > 25 GeV

- jet p,>20 GeV, |jety| < 2.8

- D@, L=1.0 fb™ —
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PLB 682, 370 (2010)

PYTHIA p. ordered

- new “Perugia” tune
- MRSTO7 LO* PDF
PYTHIA Q2 ordered
HERWIG

ALPGEN + PYTHIA p.

ALPGEN + PYTHIA Q?
ALPGEN + HERWIG

- Sherpa describes Ad(Z,jet)

shape very well
(but a normalization issue)
- Small values of Ad are

excluded from MCFM due to
significant non-perturbative

contributions
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Ratio to SHERPA

- Z>up, |y, |<1.7, pr, > 25 GeV
- jet p,>20 GeV, |jety| < 2.8
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Z+]ets production. Ay(Z,jet)

First measurement of Ay(Z, jet) !

PYTHIA p, ordered

- new “Perugia” tune
- MRSTO7 LO* PDF

PYTHIA Q2 ordered
HERWIG

ALPGEN + PYTHIA p.
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Sherpa, NLO describe Ay
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¥* (for 49 data points)
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